Abstract. The eects of the characteristics of the interplanetary medium on the radar scattering occurrence, related to the whole array of SuperDARN radars installed in the Northern Hemisphere, have been studied over a two-year period. Statistically signi®cant correlations of the variation of the scattering occurrence are found with the merging electric ®eld and with the negative B z component of the interplanetary magnetic ®eld, independent of the seasonal period considered. This result demonstrates that the merging rate (and in particular the reconnection process) between the interplanetary magnetic ®eld and the magnetosphere is a relevant factor aecting the occurrence of scattering. For comparison, we note that no statistically signi®cant correlations are obtained when the interplanetary ion density or the solar wind speed are considered, although also these variables aect to a small degree the scattering occurrence variation. The study of the latitudinal and magnetic local time dependence of the observations shows an association between the considered correlation and the location of the auroral oval and the cusp/cleft region.
Introduction
As a part of the SuperDARN (Super Dual Auroral Radar Network) initiative, six coherent-scatter HF (high frequency) radars are currently operating in the Northern Hemisphere and continuously monitoring the highlatitude ionosphere in the frequency range 8±20 MHz (Greenwald et al., 1995) . The level of scatter measured by the radars is highly variable depending on the global eects of the high-latitude phenomena.
The backscatter (or echoes) of the radar sounding signal radio wave, k r , is generated by the presence of ionospheric irregularities with wave vectors, k, which correspond to the Bragg condition k equal to AE2k r . It is known that the phase front of irregularities are aligned with the geomagnetic ®eld lines (k c B, where B is the magnetic ®eld), so that echoes are generated if the k r vector of the sounding wave lies in the plane perpendicular to the local magnetic ®eld. At HF frequencies the ionosphere can refract the k r vector so that it becomes orthogonal to the local magnetic ®eld at E and F region altitudes (e.g., Villain et al., 1984; Milan et al., 1997) . The occurrence of HF backscatter thus depends on both the presence of irregularities and the existence of a suitable HF propagation condition (e.g., Ruohoniemi et al., 1987; Ruohoniemi and Greenwald, 1997) .
Previous studies on the rate of the scattering occurrence were reported by Ruohoniemi and Greenwald (1997) for the SuperDARN radar located at Goose Bay (Canada), and by Milan et al. (1997) for the CUTLASS radars. In both studies a signi®cant dependence of the echo occurrence on magnetic local time (MLT) is found. Moreover, the diurnal variation of this occurrence is found to be signi®cantly in¯uenced by the season and by the geomagnetic activity (as indicated by the Kp index).
The present work is related to the eects of interplanetary parameters on the rate of scattering occurrence obtained when considering the array of all the six Northern Hemisphere SuperDARN radars in operation during the years 1997 and 1998.
Data analysis

Measurements of SuperDARN scattering occurrence
The ®elds-of-view of the SuperDARN radars in the Northern Hemisphere are shown in Fig. 1 . Each radar carries out an azimuthal sweep through discrete beams pointing in 16 directions. In the common mode the backscatter is recorded in 45 km range steps from 180 km to nearly 3500 km from each radar. The scans are synchronized to begin on 2-min boundaries starting with 00:00 UT (Universal Time). For each scan the radars record the backscatter parameters including, in particular, power, noise and a¯ag indicating the presence of ground scatter. Ground scatter is distinguished by a near-zero doppler velocity and a low spectral width (e.g., Milan et al., 1997; Ruohoniemi and Greenwald, 1997) and it has been rejected in the data analysis presented here.
All the data available from all six radars operating in the Northern Hemisphere at the time of this study were considered. For the measurements of all radars considered together, the ratio, R, of the number of echoes with a signal-to-noise S=N above 6 dB, N s , versus the total number of soundings, N t , was calculated each 6-min UT intervals (i.e., three times the temporal resolution of the scanning). We note that the results presented in the following are not aected by a relatively small change of the S=N level chosen as threshold for signi®cant measurements, which can be considered arbitrary. However the level 6 dB in particular was selected to be higher than in previous studies of scattering occurrence (S=N equal to 3 dB was chosen as suciently resolved backscatter by Ruohoniemi and Greenwald, 1997) , in order to sort relatively stronger signals, possibly more independent of instrumental/noise eects. The parameter, R, is considered representative of the rate of the scattering occurrence.
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We have considered the variation of R, dR, obtained after the subtraction of the average daily modulation calculated over one-month intervals. In the following we consider dR instead of R itself in order to exclude the eects due to the fact that the radars do not cover uniformely all longitude locations and that they rotate during the 24 hours of the day.
Where hRi is the average of R over a one-month period, calculated for each 6-min UT interval of the 24 daily hours. R and hRi can be calculated separately for cells located at dierent magnetic latitude ranges. Thus we specify the CGM (corrected geomagnetic) latitude of R and dR (see Sect. 2.3). Moreover, by taking into account only radar cells located at speci®c MLT locations, R and dR can be computed for speci®c MLT ranges (see Sect. 2.4).
Observations of the interplanetary medium with the WIND satellite
The parameters of the interplanetary medium considered here are measured by the WIND satellite and they are: (a) solar wind proton density N ; (b) solar wind speed V sw ; (c) interplanetary magnetic ®eld (IMF).
Using the WIND measurements of the IMF and of the V sw , we have calculated the merging electric ®eld, E merg .
Where B t is the projection of the IMF on the Y±Z plane, in the considered GSM (geocentric solar magnetospheric) system of coordinates where the origin is in the center of the Earth, with X pointing toward the Sun and Y perpendicular to the Earth's dipole axis. The parameter / in Eq. 3 (e.g., Kan and Lee, 1979) is the IMF clock angle between B t and the GSM Z-axis. In the Eq. 3, we note that the factor associated with / is progressively increasing in the interval 0±1 while j/j increases between 0°(corresponding to B y 0 and positive B z , i.e. northward IMF) and 180°(corresponding to B y 0 and negative B z , i.e. southward IMF).
In Fig. 2 we show an example of the WIND observations. These parameters are illustrated together with dR for the latitude range 60±67°CGM (bottom panel). The vertical dashed lines indicate the time interval of an interplanetary coronal mass ejection event. A clear relationship between E merg and the increase of dR (similar to the results in Ballatore et al., 1999) is shown. No clear association is shown between dR and V sw or N . We note that the increase of dR is delayed by about two hours with respect to the increase of E merg and negative B z . With the inclusion of this delay, and considering the interval included between the two vertical dashed lines, the correlation coecient between dR and IMF B z is À0:60 and between dR and E merg it is 0.68.
Correlations between the HF scattering occurrence at dierent magnetic latitudes and the interplanetary parameters
The time interval considered in the present study is restricted to the years 1997 and 1998 owing to WIND data availability (since 1997) and the fact that yearly sets of SuperDARN data were available until 1998 during the period of this study. We report here the results of an analysis considering the two years 1997±1998 together. No signi®cant dierences are found by considering each year separately.
For the period in question the correlation coecients, q, between dR and the dierent parameters of the interplanetary medium were calculated. If we calculate the probability that two uncorrelated variables have correlation coecients equal to the ones found for negative IMF B z and for E merg , with the same number of data points, we found that this probability is less than 0.001, so that IMF B z and E merg can be considered to be correlated with a con®dence greater than 99.9%. In contrast, no signi®cant correlation coecients (of the order of 0.2 or smaller) were obtained for N or V sw .
We calculated the correlation coecients q separately for the dierent seasons: winter (January, February, November and December of 1997 and 1998), equinox (March, April, September, October of 1997 and 1998), and summer (May, June, July and August of 1997 and 1998) and for dierent values of CGM latitudes.
If we consider data average on 30-min averages and shift the dR time series with respect to the time-serie E merg (or IMF B z ), we found that the correlation coecients can be optimized with a time-shift of 60 min during the summer and equinox periods, and 90 min during the winter. In previous studies, a similar optimisation of correlations, obtained by shifting ground data with respect to satellite data, was interpreted in terms of the delay of ground eects due to the propagation of the solar wind from the satellite location to the magnetopause, and to the time necessary to the magnetospheric/ionospheric system to react by modifying its parameters in response to the changing of the interplanetary condition (e.g., Troshichev et al., 1988; Arnoldy, 1971) . We can interpret the time-shift which optimizes our correlations in the same way, as average value of the delay of the response of scattering occurrence to interplanetary medium. We note, however, that the exact delay at each time is strongly dependent on the location of the satellite, the solar wind speed, the location of the magnetopause (which dynamically changes with interplanetary conditions, as described in Russell et al., 2000) , the state of the ionosphere (in particular the ionization level, which changes with season) and geomagnetic activity. We recall that previous studies demonstrated that several interplanetary events, although having rather similar temporal pro®les of the interplanetary parameters, show major dierences in the magnetospheric response (e.g., Farrugia et al., 1998) . In addition we note that in Fig. 2 (during the summer event shown) the dR has a sharp increase around 2 UT hours later than the shock in the WIND data, not the estimated average 60 min value. The propagation time from the satellite to the magnetopause can be estimated at around 30 min at this time, so that the remaining 90 min is the time necessary for the dR parameter to respond to the interplanetary con®gura-tion and this can be attributed to internal magnetospheric/ionospheric eects.
In the following we consider the optimized correlations with a time-shift for dR (with respect to WIND data) of 60 min for equinox and summer and 90 min for winter. We note that the dierence of the correlation coecients for a shift slightly higher or smaller than 60 min (for summer or equinox) and 90 min (for winter) is of the order of 0.1±0.2, therefore the best shift considered is not uniquely identi®ed, due to the small dierence associated with larger or smaller shifts.
We can further optimize the correlation coecients by changing the amplitude of the latitude range considered for dR: we ®nd that the best correlation can be obtained for intervals of 7°. The correlation coecients obtained with 7°latitudinal ranges are higher than those obtained for dierent ranges, with dierences of the order of 0.1, independent of the season.
Considering the interplanetary/ground-based time shifts described above, we show in Fig. 3 the correlation coecients, q, of E merg and IMF B z with dR calculated over latitude ranges of 7 CGM degrees (the center of the 7-degree latitudinal interval, for each dR considered, is indicated on the abscissa axes). The data points considered here are 30-min averages of dR, negative IMF B z and E merg derived as described in Sects. 2.1 and 2.2. The best correlation is obtained for the lowest latitudes (closer to the radars site as shown in Fig. 1) . Moreover, by shifting the latitude range poleward the correlation between the interplanetary parameters and the occurrence of radar echoes decreases markedly, and there is no signi®cant correlation above around 67°CGM and in particular for the latitudes not shown above 79°C
GM.
The decrease in correlation between dR and E merg or negative B z for the highest latitudes, shown in Fig. 3 , can be associated in part with the decrease in the number of echoes R. In Fig. 4 we show that the average of R, calculated for each seasonal interval over dierent latitude ranges. We note that R in summer decreases at higher latitude, whereas in winter it remains equal to about 0.09 up to around 80°CGM. Figure 5 shows the scatter (for dierent seasons) between dR and the interplanetary parameters negative IMF B z (Fig. 5a ) and E merg (Fig. 5b) . In this case dR is computed in the latitude range 60±67°CGM, where q is maximum, and considering the 30-min averages for the data. The correlations shown in Fig. 5a , b are signi®-cantly correlated at a con®dence level above 99.9%.
Correlations between the HF scattering occurrence at dierent MLT and the interplanetary parameters
In this section we show dR for dierent ranges of MLT. After averaging the data on 30-min intervals, we Fig. 3 . Coecients q of the correlations between negative IMF B z or E merg and the variation of scattering occurrence, calculated over 7-degree latitude ranges centered at the indicated CGM latitude Fig. 4 . Average of the scattering occurrence at dierent latitude ranges and for dierent seasons during 1997 and 1998 Fig. 5a, b . Variation of the scattering occurrence versus a negative IMF B z , and b E merg . The number of data points, N , and the correlation coecients, q, are indicated in each plot compute the correlation coecients q between dR and E merg and between dR and negative IMF B z as a function of MLT. The results for MLT ranges of 90 min (shifted by 30 min for each data point shown) are reported in Fig. 6a , for dR corresponding to latitude range 60±67°C GM. A delay between interplanetary and groundbased measurements was included similar to that in Sect. 2.3. No signi®cant dependence of q on MLT is shown in Fig. 6a . The values of q in Fig. 6 are signi®cantly smaller than in Fig. 3 owing to the smaller number of data points (and smaller variability of B z and E merg ) in each MLT interval. In Fig. 6b we show results similar to those in Fig. 6a , but in this case for the latitude range 67±74°CGM. At these latitudes there is a large dependence of q on MLT, and the correlations are signi®cant only around magnetic local noon during all three seasonal periods considered. No signi®cant correlation is found taking into account higher latitude ranges or the entire 60±90°CGM latitude range. In addition no signi®cant correlations have been obtained with N or with V sw .
In order to investigate a possible relationship between the MLT dependence of q shown in Fig. 6a, b , and a possible MLT dependence of R itself, we show in Fig. 7 a histogram of the average of R calculated for separate MLT intervals of 90 min at the two latitude ranges 60±67°CGM and 67±74°CGM. A decrease in R is seen around 12:00 MLT at latitudes 60±67°CGM, and around 08:00 MLT at latitudes 67±74°CGM. In the post-midnight MLT sector the average R shown in Fig. 7 is higher during the summer than during the winter, being in particular higher at latitude 60±67°C GM. Viceversa, in the afternoon MLT the average R is higher during the winter than during the summer, being in particular higher for the latitude range 67±74°CGM. ®ndings). These histograms are shown separately for dierent ranges of values of dR computed in the latitude range 60±67°CGM: Fig. 8a shaded columns display results for negative values of dR, which means that the scattering occurrence is lower than its average; Fig. 8b white columns display results for dR > 0:3, which means that the scattering occurrence is signi®cantly higher than its average. For dR > 0:3, a clear shift towards higher values of E merg and negative B z is shown, in agreement with the correlations previously found. There is almost no overlap between the two distributions. Moreover, Fig. 8 shows that a shift of the distributions of N and V sw toward higher values is observed also for higher values of dR, although the eect is less important. Similar results are obtained for the summer and equinox periods.
Although, as said in the previous section, the correlation between dR and N , and with V sw , are found to not be signi®cant, the results reported in Fig. 8 , however, show that these two parameters do have an eect on the scattering occurrence. This may be a signature of the eects of kinetic pressure. Calculating the correlation coecients between dR and the kinetic pressure (N Ã V 2 sw ), however, we note that these correlations are not statistically signi®cant in our data set.
We note that the rate of the scattering occurrence R is not a direct indication of the presence of density irregularities in the ionosphere, because this is aected also by the propagation of the sounding signal through the ionosphere and by its refraction or absorption at each speci®c time. In particular the rate of scattering occurrence considered here represents a lower limit for the presence of ionospheric irregularities. This does not exclude its possible use to obtain information on the ionospheric variability associated with high-latitude phenomena (e.g., Ruohoniemi and Greenwald, 1997) .
Discussion
The average scattering occurrence (as shown in Figs. 4 and 7) versus magnetic latitude and MLT is found to be seasonally dependent, being generally higher during winter. This result con®rms previous observations (e.g., Ruohoniemi and Greenwald, 1997 ; and references therein) and can be interpreted in terms of the sunlit suppression of ionopheric density gradients by more intense summer photoionization.
The results reported in Fig. 4 show that the backscatter is more common at auroral latitudes than in the polar cap, and Fig. 7 illustrates that the higher occurrence is concentrated to the afternoon and nightside sectors between about 15:00 and 02:00 MLT. We note that these observations are in agreement with previous results by Ruohoniemi and Greenwald (1997) . This agreement is even more interesting if one takes into account that the de®nition of`scattering occurrence' given by Ruohoniemi and Greenwald (1997) diers from ours.
We found that the time range of maximum occurrence is at about 00:00±03:00 MLT during the summer, and in the afternoon sector, from 15:00 to 18:00 MLT in winter. We can compare these results with those from the CUTLASS radars. Milan et al. (1997) found that, at an operating frequency of 10 MHz, more backscatter occurs at ranges further from the radar locations around noon local time during the winter; conversely the strongest backscatter occurs at near radar ranges and in the midnight local time sector during the summer. Given that Milan et al. (1997) considered UT, and taking into account that the average UT-MLT oset for the considered CUTLASS meridian is about 3 h (Baker and Wing, 1989) , we ®nd a perfect agreement with present observations. Milan et al. (1997) interpreted the seasonal dierences in their scattering occurrence distribution as due to HF propagation modes in the seasonally dierent ionospheric propagation environments.
If we consider instead of the scattering occurrence its variation, we ®nd that this parameter is signi®cantly in¯uenced by the interplanetary medium. As shown in Fig. 8 , higher values of the variation of scattering can be associated with higher interplanetary proton density N , V sw , E merg or more negative IMF B z . In particular the results for the IMF and E merg are clearer, in association with a signi®cant linear correlation related to these parameters, as discussed later.
The possible in¯uence of N and V sw on the variation of scattering occurrence may suggest the presence of eects related to the kinetic pressure. We note, however, that the correlation between dR and the kinetic pressure (N Ã V 2 sw ) is not statistically signi®cant in our data set. Moreover, considering the scattering occurrence as related to ®eld-aligned ionospheric irregularities, it is of interest to note that the compression of the magnetosphere is found not to in¯uence the level of observed ®eld-aligned currents .
If we consider the degree of correlation between dR and E merg (and B z ), this implies an important direct in¯uence of E merg (and IMF B z ) on the occurrence of scattering. At the same time we note that the highest correlation coecients obtained (shown in Fig. 3 ) are about 0.5±0.6. This indicates that E merg (or IMF B z ) alone cannot be the only parameter which determines the scattering occurrence value at each UT. In this sense an exact study of predicting the scattering occurrence would imply the use of a more sophisticated statistics.
The results shown in Figs. 5 and 8 neverthless show the in¯uence of the merging between the IMF and the magnetosphere on the scattering occurrence. In this sense the E merg is a more general indicator of this merging, including the B z consideration as one of its speci®c cases (Kan and Lee, 1979) . In fact negative B z , which corresponds to an IMF clock angle 90 < / < 270 , gives a higher contribution to the value of E merg (sin 2 /=2 > 1=2) than positive B z (for which sin 2 /=2 < 1=2). Including reconnection eects due to negative B z , E merg is a better indicator of any possible IMF/magnetosphere reconnection. For example we mention that during positive B z , for B y >> B z and / $ 90 sin 2 /=2 $ 1=2 lobe reconnection is expected and taken into account in calculation of E merg .
After these considerations, we can recall that IMF/ magnetosphere reconnection leads to an increase of geomagnetic activity (e.g. Arnoldy, 1971; Chen et al., 1997; Lu et al., 1998) , so that an increase in the number of ionospheric irregularities is expected. In this sense, our results show that an increase in the variation of the scattering occurrence is associated with an increase in ionospheric irregularities driven by IMF/magnetospheric reconnection.
Although the observed seasonal dependence of the scattering occurrence itself (as shown in Figs. 4 and 7 and described already), we ®nd no seasonal eects in the relationship between the variation of the scattering occurrence (with respect to its monthly average daily modulation) and the interplanetary medium (as seen in Figs. 3, 5 and 6). In contrast, it is found that the correlations between the variation of the scattering occurrence dR and negative IMF B z or E merg depend on the geomagnetic latitude. In particular this correlation is statistically signi®cant in the auroral oval but not in the polar cap.
This result cannot be simply related to the characteristics of the polar cap geophysics, which implies the presence of ionospheric irregularities and an IMF association also for the highest latitudes. In fact, periods of extensive HF scattering in the polar cap have been described in case studies (Rosenberg et al., 1993; Rodger et al., 1994; Rodger and Graham, 1996) . Moreover, the signi®cant relationship between the polar cap ionosphere and the interplanetary medium is a well known result (e.g., Troshichev et al., 1988) .
The observed absence of correlation between E merg and the variation of scattering occurrence in the polar cap can be interpreted in terms of the dierences between the HF propagation modes in the radar near or far ranges (Milan et al., 1997) . Since the interplanetary conditions do not change with season while the backscatter shifts seasonally toward the radar near or far ranges (Milan et al., 1997) , it is clear that internal magnetospheric/ionospheric processes aect the location of the echoes with respect to the radar ®eld-ofview. This could explain our observation of an absence of correlation at higher latitudes. Furthermore, our result implies a more direct measurement of ionospheric irregularities in the radar at closer ranges and a more important ionospheric re-processing of the HF signal for the echoes corresponding to the far range cells. This is also in agreement with the expected characteristics of HF progation modes (Davies, 1967; Milan et al., 1997) .
Considering the MLT dependence of the correlation coecients q between the variation of scattering occurrence dR and E merg (or negative B z ), as shown in Fig. 6 , we note that this is not associated with the MLT modulation of the scattering occurrence itself, as shown in Fig. 7 . In fact, for the latitude ranges 60±67°CGM we found a minimum scattering occurrence around magnetic local noon, but no statistically signi®cant MLT dependence. At latitude range 67±74°CGM a minimum for the scattering occurrence is found around 08:00 MLT, while the coecients of the considered correlations are not signi®cant apart from around magnetic local noon. If we consider the association between HF scattering and the noon-time located cusp/ cleft (as reported by Ruohoniemi and Greenwald, 1997) , we can interpret this result as evidence of an increase in the in¯uence of E merg (or IMF B z ) on the variation of scattering occurrence in the cusp/cleft region.
Summary and conclusions
We have considered, over a two-year period, the rate of scattering occurrence from the whole array of Super-DARN radars operating in the Northern Hemisphere and found the following results.
1. In agreement with previous observations (Ruohoniemi and Milan et al., 1997) , we found that the HF scattering occurrence depends on the MLT, the magnetic latitude and the local season. 2. Considering the variation of the scattering occurrence with respect to its monthly average daily modulation, dR, we found that the interplanetary parameter which mostly in¯uences dR is the merging electric ®eld E merg .
A statistically signi®cant correlation was found between dR and E merg and interpreted in terms of an in¯uence of the magnetic reconnection on HF scattering occurrence. 3. Although there exists a seasonal variation of the scattering occurrence, the relationship between dR and E merg is independent of the season. 4. The magnetic latitude dependence of the correlation between the variation of scattering occurrence dR and E merg has been investigated. A signi®cant correlation was found in the auroral oval but not in the polar cap. This is explained in terms of the dierent nature of the echoes received from radar near or far range cells: in our observation, the internal ionospheric HF signal re-processing is considered to in¯uence the occurrence of far range scatter more than the interplanetary medium con®guration. 5. The dependence on magnetic local time of the correlation coecients between the variation of scattering occurrence dR and the merging electric ®eld E merg has been studied. At latitudes in the range 60±67°CGM these coecients are independent of MLT. Conversely, at higher latitudes (67±74°CGM), the presence of a MLT dependence indicates a possible association with the cusp/cleft region.
